In order to investigate the temporal mechanisms of the auditory system, psychophysical forward masking experiments were conducted in cochlear implant users who had preserved acoustic hearing in the ipsilateral ear. This unique electric-acoustic stimulation (EAS) population allowed the measurement of threshold recovery functions for acoustic or electric probes in the presence of electric or acoustic maskers, respectively. In the electric masking experiment, the forward masked threshold elevation of acoustic probes was measured as a function of the time interval after the offset of the electric masker, i.e. the masker-to-probe interval (MPI). In the acoustic masking experiment, the forward masked threshold elevation of electric probe stimuli was investigated under the influence of a preceding acoustic masker. Since electric pulse trains directly stimulate the auditory nerve, this novel experimental setup allowed the acoustic adaptation properties (attributed to the physiology of the hair cells) to be differentiated from the subsequent processing by more central mechanisms along the auditory pathway. For instance, forward electric masking patterns should result more from the auditory-nerve response to electrical stimulation, while forward acoustic masking patterns should primarily be the result of the recovery from adaptation at the hair-cell neuron interface.
Introduction
Forward masking is a result of the presence of one stimulus which reduces the detectability of a following stimulus. Forward masking has been investigated and characterized in both normal and impaired acoustic hearing subjects (Nelson and Freyman, 1987) as well as in electric hearing with cochlear or midbrain implantees (McKay et al., 2013) . The goal of this work is to report on forward masking effects across acoustic and electric hearing in the same ear in humans.
Acoustic forward masking studies have used an exponential decay model of forward masking threshold elevation, which has been described by different time constants for normal hearing (40e50 ms, Nelson and Pavlov, 1989) and hearing impaired subjects (60e110 ms, Nelson and Freyman, 1987) . Different mechanisms have been proposed to explain this exponential decay of probe threshold elevation. Short-term inhibition has been argued to be the basis of firing rate decrease of the auditory nerve (Smith, 1977) , as adaptation is not found at the stage of the hair cell itself (Davis, 1957; Mulroy et al., 1974) . Correspondingly, a model has been developed that includes adaptation at the stage of the auditory periphery through the depletion of transmitter substance, which accounts for forward masking effects (Duifhuis and Bezemer, 1983) . Further exponential models of neural-synaptic-recovery mechanisms have been described, which correspond well to data of hearing-impaired listeners with sensorineural hearing loss at the probe frequency (Nelson and Pavlov, 1989) . However, concurrent to computational models of synaptic adaption (Meddis and O'Mard, 2005) , models have been defined that combine the peripheral mechanical nonlinearities of the basilar membrane with a linear temporal integration at higher levels (Oxenham, 2001 ). The latter model also explains well the experimental outcomes but still does not rule out synaptic adaptation completely.
Forward masking has also been reported in cochlear implants (Shannon, 1983) . The observed masking patterns have been used to investigate spatial characteristics of electrical field spread (Bo€ ex et al., 2003; Hughes and Stille, 2008; Kwon and van den Honert, 2006) and to develop an artifact reduction algorithm for electrophysiological measurements (Cohen et al., 2003) . At first, these forward masking effects were unexpected, since cochlear implants bypass both basilar membrane nonlinearities and hair cell functionality (Lim et al., 1989) . However, exponential decay functions are used to describe forward masking recovery functions for electric hearing (Shannon, 1990) . Further studies have reported time constants of exponential recovery functions in electric hearing that vary strongly (e.g. 25e160 ms, Nelson and Donaldson, 2002) or that are greater than time constants for acoustic forward masking (Shannon, 1983) . This is attributed to an increased adaptation due to the high firing rate an electric stimulus elicits in the auditory nerve (Harris and Dallos, 1979) . These results indicate that the origins of electric masking are different from the origins of acoustic masking. Electric forward masking patterns warrant the conclusion that peripheral cochlear functions are not solely responsible for temporal mechanisms of masking. Several following studies confirm forward masking through electric stimulation of the auditory nerve with CIs (Chatterjee, 1999; Nelson and Donaldson, 2002) and of the inferior colliculus with auditory midbrain implants ( McKay et al., 2013) .
In electric-acoustic stimulation (EAS) users, both modalities are combined in one ear. As described above, electric and acoustic stimulation excite different stages of the auditory pathway with different temporal characteristics. However, recent studies have found electric-acoustic masking effects during simultaneous presentation (Lin et al., 2011; Saoji et al., 2017) . Furthermore, an asymmetry between electric and acoustic masking exists, with electric maskers producing a pronounced threshold elevation of acoustic probes that depends strongly on the electric-acoustic frequency difference (EAFD), while, at the same time, these effects are reduced for acoustic maskers (Krüger et al., 2017) . Additionally, peripheral electrophysiological measurements have been applied to objectively estimate electric-acoustic interactions during simultaneous stimulation . Thus it has proven necessary to investigate non-simultaneous masking effects in order to study the temporal mechanisms of electric-acoustic interaction. The present study therefore examined for the first time psychophysical temporal masking effects in EAS users using a forward masking paradigm. This opportunity to gain insights into the auditory pathway would not have been possible prior to CIs.
In this work, the EAS subjects represent a unique population of cochlear implantees with residual hearing in the ipsilateral ear. As more and more CI users retain a significant amount of residual hearing after cochlear implantation, temporal electric-acoustic masking effects might be occurring in EAS users. Advances in surgical techniques (Gantz and Turner, 2004; Gstoettner et al., 2004) and softer electrode designs (Lenarz et al., 2009; Suhling et al., 2016) during the past decade lead to successful hearing preservation, resulting in an increasing proportion of the CI population benefiting from EAS. This resulted in an extension of CI criteria towards patients with more residual hearing (Skarzynski et al., 2007) . Consequently masking effects may become clinically relevant, but to this day commercial EAS devices do not incorporate a synchronization or exchange of information between electric and acoustic components. Presently, the EAS subject population was small, but offered the unique opportunity to investigate electricacoustic interaction effects in order to better understand mechanisms of auditory processing.
Forward masking was investigated using a novel electricacoustic forward masking paradigm. The threshold of a short signal was measured at a certain interval after the offset of a masker stimulus of the opposing modality. The increase in threshold necessary to perceive the probe was analyzed as a function of the masker-to-probe interval (MPI). This curve was called a forwardmasking recovery function. The strength and asymmetry of forward masking was compared to the observations of simultaneous electric-acoustic masking in humans and to physiological animal studies. Despite the fact that physiological animal studies yield insights into auditory processing during electric-acoustic stimulation, no clear consensus exists on the different origins of forward masking. The forward masking paradigm was used to compare the temporal integration mechanisms of auditory processing for electric and acoustic hearing and thus to differentiate components of the peripheral and central pathways.
Methods

Subjects
Ten EAS users participated in this study. Seven were implanted with the MED-EL Flex20, one with a Flex24 electrode array and two with the Hannover custom made device Flex16. Numbers denote the length of the electrode array in millimeters. All subjects had Fig. 1 , where the grey shaded area indicates the criteria of pre-op hearing loss for hearing preservation CI implantation and thus electric-acoustic system candidacy. Some subjects lie to some extends outside the typical range, but they still use their acoustic component and report to receive benefits from it. Demographic data for the study participants is given in Table 1 . All subjects gave written informed consent to the experiment as approved by the Hannover Medical Schools' Institutional Review Board. They did not receive payment for participation in this experiment.
Subsequent to measuring, one subject was excluded from the analysis. The subject was a single-sided deaf patient with normal hearing in the contralateral ear. This subject required high presentation levels on the ipsilateral side to the CI to perceive acoustic stimuli. Consequently, this subject could perceive the sounds on the contralateral side. As the possible impact on ipsilateral masking effects could not be controlled to sufficient satisfaction, this subject was excluded from analysis.
Stimuli
Electric and acoustic stimuli were presented during this experiment using a research interface box and a custom built audio card. The research interface (RIB2, University of Innsbruck, Austria) provided a trigger-out signal that was connected to a trigger-in channel of the audio card. Synchronization between electric and acoustic stimulation was tested by measuring both the analog audio signal and the electric stimulation pattern provided by the RIB2 (via the MED-EL Detectorbox ti100) using an oscilloscope.
Masker signals had durations of 500 ms and were spaced with 500 ms silence intervals from each other. Probe signals had durations of 20 ms. The amplitude of the masker signals was kept fixed at most comfortable level (MCL). The amplitudes of the probes were adapted with a psychophysical experiment until threshold levels (THL) were reached. (125, 250, 500, 750, 1000 (125, 250, 500, 750, , 1500 (125, 250, 500, 750, and 2000 . Actual testing frequencies were selected based on the individual amount of residual hearing of each subject. Stimuli were generated with Matlab at durations specified above and ramped with cosine ramps. Ramp times of 25 ms were used for the masker and 5 ms for the probe. Digital stimuli were converted to analog voltage at 16 bit, sampled at 44.1 kHz with a custom audio card (Teensy Audio Board, Arduino Audio Shield, New York, United States) and delivered via a Sennheiser HDA-200 headphone (Sennheiser electronic GmbH & Co. KG, Wedemark, Germany) connected to a headphone amplifier (Lake People electronic GmbH, Konstanz, Germany). Acoustic stimulation was calibrated with an artificial ear and levelmeter (Brüel & Kj€ aer, Naerum, Denmark) at each testing session.
Procedure
Behavioral thresholds of probe stimuli were measured using a 3 interval -3 alternative forced choice procedure with an adaptive 2-down-1-up stepping rule in order to estimate the 70.7% point on the psychometric function (Levitt, 1971) . One of the three intervals contained the probe, which had to be detected and correctly identified. Unmasked thresholds were measured as well as masked thresholds, by adding a masker stimulus to each interval. Adaptive runs always started at the probe's most comfortable level, in order to ensure its audibility even with masker present. The masker-toprobe interval, meaning the time in milliseconds between masker offset and probe onset, was varied for each adaptive run, covering a range of 0e150 ms.
The initial step size of the adaptive procedure was 8 dB for acoustic probes and 2.5 dB for electric probes, because of the reduced dynamic range of electric stimulation. After the second and the fourth reversal the step size was halved. When the minimal step size was reached, the measurement phase started, which lasted for eight reversals. The last four reversals were used for threshold estimation with additional calculation of the standard deviation. In general, one adaptive run needed 25e40 trials, of which 15e25 trials comprised the measurement phase.
The reliability of the threshold estimate was improved by implementing sanity checks during the experiment. For this, adaptive runs were inspected visually for convergence in the online graphic user interface (GUI) of the computer experiment, which showed the course of the adaptive run. Additionally an online estimate of the standard deviation was obtained. Thresholds with standard deviations greater than 4 dB for acoustic and 1 dB for electric stimuli were identified as unreliable and consequently repeated. If the subject started to show attention deficits, the experiment was interrupted and continued after a short break.
Additionally, in several subjects with time for additional testing, random runs of threshold estimation of both conditions were repeated to assess test-retest variability of obtained threshold values. For all repeated measurements, the deviation averaged across all subjects was 2.85 dB for acoustic and 0.42 dB for electric probes.
Data analysis
Thresholds were obtained for each unmasked probe stimulus and for the combination with a masker stimulus for different masker-to-probe intervals (MPI). Absolute threshold elevation for the masked condition was calculated as the difference between the masked and unmasked probe threshold. Additionally, threshold elevation was defined in percentage of the dynamic range (% DR) of that probe stimulus. Dynamic range was calculated by subtracting the threshold level from the most comfortable level for each probe stimulus. Dynamic ranges differ considerably between stimulation modes and subjects, so a consideration of threshold elevation in % DR is necessary to compare masking across and within subjects as well as to ensure comparability to other studies in the field (Krüger et al., 2017; Lin et al., 2011) . Threshold and comfortable levels as well as dynamic ranges of probes are given in Tables 2 and 4 for the combinations of masker and probe used during the experiment.
Comparable to previous CI studies (Krüger et al., 2017; Penninger et al., 2015; Pons et al., 2016) and based on the analysis of statistics for experiments in CI subjects (Swanson, 2008) a Wilcoxon signed-rank test was used on a single subject basis to assess whether overall threshold elevation for each subject was statistically significant. The threshold elevation as a function of MPI is referred to as the forward masking recovery function. Forward masked recovery functions are typically described by exponential decay functions in acoustic hearing, both for normal and impaired subjects (Nelson and Freyman, 1987; Nelson and Pavlov, 1989) and also in electric hearing in CI users (Chatterjee, 1999; Nelson and Donaldson, 2002) . Thus a single component exponential decay function of the following form was used in this study:
where TE denotes threshold elevation, mTHL p the forward-masked threshold and THL p the unmasked threshold of the probe in dB, t the MPI (in ms) and t the recovery of masking time constant (in ms). The parameters t, K and C were fitted to the measured data using a 'least squares error' algorithm. The offset C was included as some subjects retained residual masking even for long maskerprobe delays (Abbas and Gorga, 1981; Nelson and Donaldson, 2002) . As electrode lengths and insertion depths differed considerably between subjects (see Table 1 ) the EAFD measurement (Krüger et al., 2017) was included to interpret the obtained data. This measure compared the spatial location between electric and acoustic stimulation on the basis of frequency in the cochlea. Individual insertion angles were obtained from post-operative medical imaging data (cone beam computer tomography, CBCT) available from the clinic and the corresponding frequency at each electrode was estimated based on the equations described by Stakhovskaya et al. (2007) . Insertion angles of all subjects and spiral ganglion frequency map are depicted in Fig. 2 . The difference between acoustic pure tone frequency and corresponding electric frequency (f el ) is expressed as a ratio in octaves, which gives the electric-acoustic frequency difference (EAFD). The schematic in Fig. 3 shows the procedure of calculating the EAFD. This method was described in greater detail by Krüger et al. (2017) .
Results
Electric on acoustic forward masking recovery functions
In the electric masking experiment, forward masked threshold elevation of acoustic probes was measured as a function of the MPI, as defined by the time elapsed between electric masker offset and acoustic probe onset. Additionally, in two subjects, two combinations of masker and probe were investigated. Table 2 presents the average threshold elevation across time (∅ TE) for tested combinations of acoustic probes and electric maskers for each study participant (ID), including the significance of threshold elevation of a Wilcoxon signed rank test (p < 0.05), indicated by asterisks. For each combination the unmasked threshold (THL P ), most comfortable level (MCL P ) and dynamic range (DR P ) of the acoustic probe as well as the electric masker level (MCL M ) are given. Subjects for whom overall significant threshold elevation was observed were fitted with an exponential decay function (Eq. 1). The resulting parameters and goodness of fit are also noted in Table 2 .
Individual recovery functions are shown in Fig. 4 . Each panel presents each single subject's recovery function for an acoustic probe under the influence of a preceding electric masker presented at certain time intervals, ranging from no gap between masker offset and probe onset (MPI ¼ 0 ms) to 150 ms of MPI. Threshold elevation is given in percentage of probe dynamic range (% DR) on Table 2 Forward masking stimulus conditions for each combination of acoustic probe and electric masker for individual subjects: Acoustic probe frequency (f) and its threshold level (THL P ), most comfortable level (MCL P ) and dynamic range (DR P ) in dB, as well as the masker electrode number (El. #), corresponding place frequency (f el ) and level (MCL M ) in dB. The average in time of threshold elevation (∅ TE) is given in dB and significance is indicated by stars. Additionally the fitting parameters from a least-squares exponential fit with time constant (t), residual constant (C) and goodness of fit (R 2 ) are given for subjects with significant threshold elevation. Fig. 3 . Schematic illustration of the procedure used for the calculation of the EAFD. Insertion angle of the specific electrode from CBCT is converted to an electric place frequency, which is then compared to the acoustic frequency to obtain the EAFD.
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the left ordinate, to allow for comparison between subjects. Additionally, the scale of absolute threshold elevation in dB, which differs for every subject, is indicated on the right ordinate of every panel. In each panel of Fig. 4 the group average absolute test-retest variability is indicated in every panel by a grey dotted line, to visually assess the amount of threshold elevation in each subject. For the electric masking condition, four subjects showed a significant (Wilcoxon signed rank test, p < 0.05) mean threshold elevation averaged over MPI: ID 1 (mean elevation 6.3 dB ≡ 37.3% DR), ID 4 (mean elevation of 3.6 dB ≡ 29.1% DR), and ID 7 for an Fig. 4 . Electric forward masking recovery functions of acoustic probes for individual subjects (ID). Left ordinate shows results in percentage dynamic range (% DR) and the right ordinate gives absolute threshold elevation in dB. Standard deviation of the adaptive runs is given as error bars. Additionally the averaged test-retest variability across all subjects (2.8 dB) is indicated by dotted grey lines. In two subjects different symbols are used to denote different EAFDs of tested combinations. The upper row shows subjects with strong masking effects (IDs 1, 4, 7) . The middle and bottom rows show subjects with minimal (ID 9) or no (IDs 2, 3, 5, 6, 8) masking. Exponential fits are shown for subjects showing significant threshold elevation across MPI. EAFD ¼ 1.3 octaves (mean elevation 14.9 dB ≡ 38.1% DR) as well as subject ID 9 for an EAFD ¼ 0.7 octaves (mean elevation 2.1 dB ≡ 15.9% DR). In subject ID 9 a significant (p < 0.01) threshold elevation of 16% DR for EAFD ¼ 0.7 octaves was observed, whereas no significant threshold elevation was observed in this subject for the masker-probe combination with a larger EAFD of 2.3 octaves (p > 0.05).
Forward masked recovery functions for these subjects were well described by exponential fits (Eq. 1); the curves are shown in Fig. 4 . Fitting parameters for the exponential regression are given in Table 2 . Electrically masked forward recovery functions of acoustic probe tones showed an exponential decay with time constants ranging from 76 to 114 ms.
For subjects ID 2, 3, 5, 6 and 8 the threshold elevation seemed to vary around zero, within the test-retest variability. The analysis of the two subjects that were tested for two different EAFDs gave an idea of the possible relation: Subjects ID 7 and ID 9 were measured for two different combinations of masker and probe. For example in subject ID 7 electric maskers at electrode # 1 were presented before probes of either 1000 Hz or 125 Hz. These combinations resulted in EAFDs of 1.3 or 4.3 octaves for subject ID 7 and EAFDs of 0.7 and 2.3 octaves for subject ID 9. The combinations with smaller EAFDs resulted in stronger masking effects for short MPI. For small EAFDs, the recovery of unmasked threshold was observed for MPI of 100 and 150 ms. Contrastingly, the combinations with larger EAFDs showed no significant masking effect. Only EAFDs greater than 1.4 octaves were measured in subjects IDs 2, 3 and 6, due to the hearing loss and the insertion depth of the electrode array.
A multiple regression analysis was performed in order to assess the effects of MPI, EAFD and the combination of MPI and EAFD on threshold elevation in all subjects (see Table 3 ). The multiple regression showed a significant effect of EAFD (p < 0.001, R 2 ¼ 0.165) and of MPI (p < 0.05, R 2 ¼ 0.069) on threshold elevation.
The combined model using both MPI and EAFD was highly significant and further improves the model (p < 0.001, R 2 ¼ 0.234). The amount of variability that remained was most likely due to strong inter-subject variations in amount of threshold elevation. Fig. 5A presents an overview of electric forward masked threshold elevation for all subjects. EAFD is indicated by the colorscale of the individual markers. Darker red color indicates smaller EAFD. Smaller EAFD corresponded to stronger interaction effects. Data points of subjects showing a significant threshold elevation are given by circles, the other markers are diamonds. An overall exponential fit was conducted taking only into consideration those showing a significant threshold elevation. The fit for significant threshold elevation yielded a recovery function decay time of 96 ms for the electric masking condition (R 2 ¼ 0.46).
Acoustic on electric forward masking recovery functions
For the acoustic masking condition, the threshold recovery functions of electric probe stimuli were investigated under the influence of acoustic maskers presented previous to the probe. Table 4 shows the conditions for the measurement of acoustic on electric forward masking curves in each subject and their individual levels for electric probes and acoustic maskers. Temporal average of threshold elevation is given together with its significance (p < 0.05; Wilcoxon signed rank test), which is indicated by asterisks. Subjects for whom significant threshold elevation was observed were fitted with an exponential decay function (Eq. 1), resulting parameters and goodness of fit are noted in Table 4 . Individual forward masked recovery functions are shown in Fig. 6 . Each panel depicts forward masked recovery functions with scales both in dynamic range of probe (left ordinate) or absolute elevation in dB (right ordinate). Group test-retest variability is indicated by grey dotted lines and the standard deviation of AFC-runs is given by error bars. For each subject, the EAFD for the tested combination is indicated.
For some subjects, masking of up to 40% dynamic range was observed post masker, while in others no effect of acoustic masking was found. For the acoustic masking condition a Wilcoxon signed ranking test revealed significant (p < 0.05) overall threshold elevation of electric probes in subjects ID 1 (mean elevation 1.7 dB ≡ 13.7% DR), ID 2 (mean elevation 2.6 dB ≡ 23.8% DR), ID 3 (mean elevation 0.7 dB ≡ 11.1% DR), also in subject ID 7 for an EAFD of 1.3 octaves (mean elevation 1.4 dB ≡ 24.7% DR), in subject ID 8 (mean elevation 1.4 dB ≡ 19.1% DR) as well as in subject ID 9 (mean elevation 0.6 dB ≡ 22.7% DR).
The upper row of Fig. 6 depicts acoustic masking recovery functions of subjects that showed a significant effect of MPI. For one subject (ID 7), two different masker frequencies were used to investigate the threshold elevation of an electric probe. The combination with the smaller EAFD (higher masker frequency) showed a high threshold elevation and a decline of threshold elevation with increasing MPI, whereas the masker-probe combination with a larger EAFD (lower masker frequency) lay within the range of testretest variability. Subjects ID 8 and ID 9 also showed high threshold elevation that declined with increasing MPI. An exponential decay function gave a good fit for these subjects. The range of decay time constants in these subjects varied from 11 ms in subject ID 9, 119 ms in subject ID 7 to 214 ms in subject ID 8.
Some subjects (IDs 1 and 2) did not recover unmasked thresholds even after 150 ms MPI (see Fig. 6 , second row). For this reason a constant C was included in the exponential fit to account for residual threshold elevation at the longest MPI tested. This constant and the other fitting parameters (Eq. 1) are given in Table 4 for the acoustic on electric masking condition. An exponential decay fit in these subjects revealed decay time constants of 130e330 ms. However, acoustic masking recovery functions were less well described by exponential fits, as R 2 values were lower than in the electric masking condition. No significant threshold elevation was observed for subjects ID 5 and 6 (Table 4 or Fig. 6 , bottom row), as threshold elevation stayed within the range of average test-retest variability. Subject ID 4, depicted in the same row, showed an unusual effect. Threshold elevation was significantly negative, which means that masked thresholds were lower than unmasked thresholds. The measurement of unmasked threshold was repeated during the testing session, but stayed above masked thresholds.
Even though in subject ID 7 the difference in threshold elevation for the two combinations indicated an influence of EAFD, this was not observed across all subjects. Again, a multiple regression analysis was calculated for all data points with the factors MPI, EAFD and the combination of EAFD and MPI. Results of the different model stages are given in Table 5 . For the acoustic masking condition, MPI itself was not a significant predictor for threshold elevation (p > 0.05, R 2 ¼ 0.007), in contrast to electric masking. The influence of the acoustic masker frequency f M was a significant predictor for threshold elevation (p < 0.05, R 2 ¼ 0.078). The factor EAFD predicted threshold elevation (p < 0.01, R 2 ¼ 0.099), and explained more of the data than the acoustic masker frequency alone. However, EAFD explained less variance than it did for electric masking, indicating a weaker relation between EAFD and threshold elevation. The combined model of EAFD and MPI was significant (p < 0.01, R 2 ¼ 0.106), but only explained 10% of overall variance.
Adding the information of the acoustic masker frequency f M to the model resulted in the stage being not significant, probably because the two measures captured similar effects (Pearson correlation coefficient between EAFD and f M of 0.565, p < 0.001). This hints at strong additional effects, possibly explained by inter-subject variability. These effects are also shown in the overview of Fig. 5 , panel B. On the one hand, threshold elevation was significantly reduced in comparison to electric masking and also persisted for longer MPI, as it was not reduced to zero for 150 ms MPI. Also the slope of recovery was less steep, showing less influence of MPI on recovery of unmasked threshold. An exponential fit for significantly elevated recovery functions explained 15% of the variability and gave a decay constant of 241 ms, indicating stronger inter-subject variability than in electric masking.
Discussion
This study investigated forward masked recovery functions of acoustic and electric probes under the influence of electric and acoustic maskers, respectively. A range of intervals between masker offset and probe onset (masker-to-probe-interval, MPI) from 0 to 150 ms was analyzed. The results of this study demonstrated an elevation of acoustic or electric probes under the influence of preceding electric or acoustic maskers, respectively. For the electric masking condition, threshold elevation significantly depended on the EAFD between the probe and the masker as well as the MPI. In contrast, for the acoustic masking condition, threshold elevation did not significantly depend on EAFD and showed a broader effect over MPI.
Electric masking
In the electric forward masking experiment, four subjects showed significant threshold elevation of acoustic probes. For subjects IDs 1, 4, 7 and 8, threshold elevation of 20e60% DR was found for short MPI, which decreased exponentially with time constants that ranged from 76 to 114 ms. The time constant of an exponential fit for all significantly elevated recovery functions was 96 ms. This recovery of forward masking constant is longer than typically exhibited by normal hearing subjects (50 ms, Nelson and Pavlov, 1989) , but is comparable to acoustic-only forward masking in impaired ears (70e110 ms, Nelson and Freyman, 1987) . Given that the EAS population is hearing impaired, longer time constants than in the normal hearing population were expected to be observed.
Results from the current study showed that acoustic threshold elevation under electric maskers depended on the EAFD. Combinations of masker and probe with smaller EAFDs (below 1.4 octaves) tended to exhibit strong masking effects whereas combinations with larger EAFDs (1.4e4.3 octaves) showed no significant elevation. The dependency of electric masking on EAFD has been reported by Krüger et al. (2017) for a simultaneous masking experiment. Acoustic probe thresholds are elevated under the influence of simultaneously presented electric maskers at proximal electrodes. However, no elevation is found for EAFDs above two octaves. Correspondingly, behavioral threshold changes of low frequency acoustic stimuli have been found in one subject with a longer electrode and not in subjects with short (16 mm depth) electrodes (Lin et al., 2011) . Subjects in the current experiment also did not show acoustic threshold elevation if the tested combination of masker and probe had an EAFD larger than two octaves (i.e. low frequencies and medial insertion depths). Contrary to what was expected from the results of Krüger et al. (2017) , not all subjects with an EAFD below two octaves showed elevated thresholds in the present forward masking study (e.g. IDs 5 and 8). These subjects had less residual hearing than those that did show electric forward masking in the present study (e.g. IDs 7 and 9) and also than the subjects tested by Krüger et al. (2017) . Another explanation for the absence of masking effects in these subjects could be the reduction of masking due to additional components added to the masker, which has been observed by Shannon (1976) for acoustic maskers with more than one sinusoidal component. By adding a second component to the masker, the first component is suppressed and less masking is produced at the frequency of the masker component, i.e. the signal frequency. This could also be the case for electric stimuli, which are often not comparable to pure tone acoustic stimuli, but rather to acoustic stimuli of multiple components, due to the broadness of electric stimulation in the cochlea. Spread of the electric fields to other neural regions could add energy in those regions and reduce the effectiveness of the original masker component, which results in a reduction of electric masking of acoustic probes.
Acoustic masking
The acoustic forward masking experiment revealed significant threshold elevation of electric probes in six subjects. Threshold elevation was found both for short and longer MPI. At the end of the measured interval, threshold elevation was not reduced to zero. Table 4 Forward masking stimulus conditions for each combination of acoustic masker and electric probe for individual subjects: Probe electrode number (El. #), corresponding place frequency (f el ) and its threshold level (THL P ), most comfortable level (MCL P ) and dynamic range (DR P ) in dB as well as the acoustic masker frequency (f) and level (MCL M ) in dB. The average in time of threshold elevation (∅ TE) is given in dB and significance indicated by stars. Additionally the fitting parameters from a least-squares exponential fit with time constant (t), residual constant (C) and goodness of fit (R 2 ) are given for subjects with significant threshold elevation. Significant threshold elevation exhibited a decay constant of 241 ms and did not recover to unmasked threshold during the measured interval. Individual recovery functions spanned a wide range of decay time constants from 11 to 214 ms for good fits. The variability in recovery time constants is similar to the variability in CI users without residual hearing for electric-only forward masking (Nelson and Donaldson, 2002) . Additionally fitting curves oftentimes retained masking effects even for long MPI. It is possible that Fig. 6 . Acoustic forward masking recovery functions of electric probes for individual subjects (ID). Left ordinate shows results in percentage dynamic range (% DR) and the right ordinate gives absolute threshold elevation in dB. Standard deviation of the adaptive runs is given as error bars. Additionally the averaged test-retest variability across all subjects (0.4 dB) is indicated by dotted grey lines. In one subject different symbols are used to denote different EAFDs of tested combinations. The upper and middle rows show subjects with threshold elevation for short MPI but only a shallow decline in masking and persistence of elevation even for long MPI (IDs 1, 2, 3, 7 and 8). The bottom row presents subjects not showing threshold elevation. Exponential fits are shown for subjects showing significant threshold elevation across MPI.
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for even larger MPI this elevation would cease, but it is also possible that some persistent effect of the masker disturbed the detection of the probe tone in these subjects. This incomplete recovery of masking has been observed in both acoustic (Abbas and Gorga, 1981) and electric forward masking experiments (McKay, 2012; Nelson and Donaldson, 2002) . Correspondingly, single fiber action potentials have been reported to not completely recover to unmasked response even after 200e300 ms MPI for high masker levels as opposed to low masker levels (Abbas and Gorga, 1981) . As high acoustic masker amplitudes were used in the current experiment, they could have elicited the same long-term adaptation effects. Masking persists for moderate and long MPI in some forward masking recovery functions of CI users, especially for higher masker levels (Nelson and Donaldson, 2002) . Furthermore, some subjects exhibit residual masking even for lower masker levels, showing that persistent effects are not limited to basilar membrane and hair cell characteristics (McKay, 2012) . Time constants for the acoustic masking condition were of the same order of magnitude in duration as the masker duration, which corresponds well to recovery time constants found in animal studies where acoustic noise has been found to reduce electrically evoked action potentials (Miller et al., 2009; Nourski et al., 2005) . However, the time constants were longer in acoustic than in electric masking for all but one subject (ID 9). It is reasonable that either processes with different latencies are involved in acoustic masking or that acoustic maskers elicit longer changes in activity than electric maskers.
Acoustic masking showed a weaker influence on behavioral responses to electric probes than electric maskers on acoustic probes. It seems that electric stimuli were less strongly dominated by acoustic stimulation. Additionally a strong inter-individual variation of threshold elevation was observed that was not explained by spatial separation of electric and acoustic stimulation (EAFD). A similar effect has been reported by Krüger et al. (2017) , with acoustic stimulation resulting in a medium threshold elevation of electric probes across a wide range of electrode locations. This is reflected in the current data, where EAFD showed a reduced effect on threshold elevation in the acoustic masking experiment. Also, these effects cannot be attributed to masker frequency either, as the same masker frequencies resulted in masking in some subjects and no effects in others (i.e. subjects ID 3 and 4, both with a 750 Hz masker and an EAFD around 1.4 octaves, or subjects ID 5 and 8, both with 500 Hz maskers and an EAFD around 0.7 octaves).
Three subjects (IDs 2, 3 and 8) exhibited masking under the acoustic masking condition even though they did not show masking effects in electric masking. This indicates that acoustic masking involves other mechanisms than electric masking. Additionally, one subject (ID 4) did not show threshold elevation as before in the electric masking condition, but instead performed better at detecting probes with an acoustic masker presented previously. A plausible explanation is that this subject had difficulties detecting the unmasked electric probe, and benefited from the additional cue of acoustic stimulation to concentrate better on the detection task. However, it is theoretically possible that this subject exhibited 'acoustic enhancement' of the electric response, which has been reported in animal studies for near-threshold electric stimuli (Miller et al., 2009) . Note that this hypothesis cannot be confirmed based on a possible observation of acoustic enhancement in a single isolated subject. Furthermore, the fact that the masked threshold was lowest for long MPI contradicts the theory of acoustic facilitation of electric probe detection and rather hints at an additional influences, e.g. attention cues, on the estimate of unmasked threshold.
Mechanisms of electric-acoustic forward masking
The present study shows that electric stimulation masks acoustic tones and vice versa, even if the electric and acoustic sounds are presented non-simultaneously. The observation of forward masking between electric and acoustic stimulation expands the knowledge about temporal mechanisms of auditory perception. Different mechanisms are known to play a role in acoustic-only or electric-only forward masking, which are likely also responsible for the characteristics of temporal electric-acoustic interactions observed in this study.
In acoustically hearing subjects forward masking has been considered to be a process of nonlinear peripheral adaptation (Meddis and O'Mard, 2005) . However, electric-only forward masking studies show that forward masking exists even when bypassing hair cell as well as auditory nerve functionality (McKay et al., 2013; Shannon, 1990) . Electric-acoustic interaction and the observed forward masking indicates towards more central processes of interaction, as electric and acoustic stimulation involve different peripheral mechanisms. However, the asymmetric behavior that this study reports for electric and acoustic forward masking indicates towards more than just central processes of temporal integration. In previous animal studies, different stages of the auditory pathway have been considered to be responsible for electric-acoustic interaction: hair cell interactions, neural interactions or central interactions (Stronks et al., 2010) .
In animal models, hair cell interactions are typically equated to electrophonic responses (Lusted and Simmons, 1988; McAnally et al., 1997a) . Interaction effects between low-frequency acoustic stimuli and basal electric stimulation are found only in normalhearing animals and not in hearing impaired subjects, indicating that electrophonic responses in the normal hearing animals are the source of interaction (Stronks et al., 2011) . However, for high rates and short pulse widths, as they were used in the present study, electrophonic stimulation is unlikely in implanted humans (McAnally et al., 1997a; Tillein et al., 2015) and thus cannot explain the observed threshold elevation. Another possible source of interaction at the level of hair cells is the depolarization of proximal inner hair cells due to high-rate electric maskers (Nourski et al., 2007) , which would result in the depletion of transmitters and a decrease of spontaneous activity in the auditory nerve. These effects are generally possible in the subjects participating in the present study, as some retained residual hearing in close proximity to electrode locations (small EAFD). Direct stimulation of hair cells by electric stimulation may explain why electric masking was only observed in areas of spatial overlap and small MPI as well as why stronger masking effects were observed for subjects with better residual hearing (see also Krüger et al., 2017) . Still this mechanism cannot explain acoustic masking, as electric stimuli mainly elicit responses in the auditory nerve, and thus should not be influenced by an interaction at the level of the hair cells.
Consequently neural interactions have to be considered as another possible mechanism that results in electric-acoustic interaction. This mechanism can only result in electric-acoustic interaction if the same population of neurons is stimulated both directly by an electric field and also by acoustic stimulation of functional hair cells that are connected to the same population of neurons (McAnally et al., 1997b) . Neural interaction was considered to be the most likely source of interaction in animals (Miller et al., 2009; Nourski et al., 2005) . Studies with normal hearing animals show the reduction of acoustically evoked neural responses with additional electric stimulation especially for more spatial overlap of electric fields and membrane movement, i.e. broader electric stimulation and higher frequencies (Stronks et al., 2010; Vollmer et al., 2010) . If neural interactions exist, forward masking can be elicited by the refractory period of the auditory nerve or by de-or hypersynchronization of spikes. Direct electroneural interaction might have occurred in current subjects with a small EAFD and strong masking effects. Participants with small EAFDs that did not exhibit elevated acoustic thresholds (i.e. IDs 5 and 8) might have been subject to high loss of hair cells and fibers, so that interaction is limited. However the refractory period of the auditory nerve is characterized by very short time constants (0e5 ms: Gantz et al., 1994 ; <1 ms latency: Hartmann et al., 1984; Javel and Shepherd, 2000) and thus does not explain the long time constants found in the present study, especially for acoustic masking. Particularly, a high acoustic level and a resulting broad stimulation of the few remaining hair cells may result in a desynchronization of auditory nerve fibers, thus reducing the otherwise highly synchronous electrically evoked responses and leading to prolonged threshold elevation. This effect is observed in normal hearing guinea pigs that show a reduction of electrically evoked spike rates due to previously presented acoustic stimulation (Nourski et al., 2005) .
Furthermore, it is possible that more central mechanisms in the auditory system result in electric-acoustic forward masking. Efferent effects of suppression, such as the medial or lateral olivocochlear reflex, might be elicited by electric stimulation, resulting in a suppression of sensitivity to acoustic probe tones. The time constants of efferent effects (100e200 ms: Backus and Guinan, 2006) correspond to the time constants found in this study. These suppressive effects of high level electric stimulation on acoustically evoked responses in the contralateral inferior colliculus have been demonstrated by Vollmer et al. (2010) , which indicates that central stages of the auditory system might be responsible for electricacoustic interaction. Contralateral effects of masking, which can only result from more central mechanisms, have also been reported in humans (James et al., 2001; Lin et al., 2013) . Still these efferent effects should only affect hair cells and thus should not result in the masking of electric stimuli as observed in this study for the acoustic masking condition.
The last stage on which electric-acoustic interaction might take place is the central auditory system. It is possible that energetic and informational masking is also occurring between electric and acoustic stimulation, especially if both stimuli are perceived as being similar, which was subjectively reported by some subjects especially for combinations with smaller EAFDs. Nonetheless, central masking does not explicitly account for the differences in threshold elevation and persistence between electric and acoustic masking. Presumably several processes with different latencies (e.g. neural adaptation, depression of spontaneous activity, efferent systems) are involved in these electric-acoustic forward masking recovery functions.
Overall, some variability in threshold elevation and recovery time constants between subjects could not be explained, with some subjects showing masking effects and others not for very similar conditions. The presumed diverse processes responsible for these masking effects might be dependent on neural health and/or hair cell survival. Previous animal studies hint at a relationship between peripheral cochlear health and masking effects (Stronks et al., 2010 ), but there is no consensus. It has been argued that forward masking effects might not be present in implanted humans, due to the extensive loss of hair cells (Stronks et al., 2012) and the spatial separation between electrodes and functional hair cells (Miller et al., 2009 ). Further research is necessary to investigate the relation between peripheral cochlear health and forward masking effects. If this relationship exists, it might be possible that the detectability of forward masking between electric and acoustic stimulation can be used as a diagnostic tool to predict and classify the individual patient's nerve and hair cell survival patterns.
Conclusions
This study reports the existence of interaction between electric and acoustic stimulation in temporal mechanisms of auditory perception. It expands the knowledge of previous work, which has found interaction effects between electric and acoustic stimulation for simultaneous presentation (Krüger et al., 2017; Lin et al., 2011) . After the offset of a masker stimulus, a probe stimulus of the opposing modality was elevated in threshold, indicating that temporal mechanisms in the auditory pathway merge electric and acoustic stimulation. Recovery functions showed a strong variability between subjects, as has been reported for both hearing impaired subjects and CI users. An asymmetry was found in the dependence of acoustic and electric masking on the EAFD. Similarly to results reported by Krüger et al. (2017) , electric masking showed a significant dependence of threshold elevation on EAFD, whereas this relation was reduced in acoustic masking. Another asymmetry between acoustic and electric masking was found in the investigated temporal domain of electric-acoustic interaction. Acoustic maskers persisted for longer times after masker offset, so that MPI had no significant influence on recovery of unmasked threshold, whereas electric maskers showed a strong reduction of threshold elevation for acoustic probes with increasing MPI.
